Phylogenetic relationships in Rosaceae have long been problematic because of frequent hybridisation, apomixis and presumed rapid radiation, and their historical diversification has not been clarified.
Introduction
Phylogenomics applies genomic data to reconstruct the evolutionary history of organisms (Eisen, 1998; Eisen & Fraser, 2003; Delsuc et al., 2005) and has been applied to tackle rapidly radiating clades (Hackett et al., 2008; Jian et al., 2008; Bewick et al., 2012; Zhou et al., 2012; Ruhfel et al., 2014; Wickett et al., 2014) and hybridisation events (Marcet-Houben & Gabaldon, 2015; Sun et al., 2015) in diverse lineages. Due to their moderate size, moderate nucleotide substitution rates and freedom from problems of paralogy (Clegg et al., 1994) , plastid DNA sequences have been widely used for the reconstruction of plant phylogenies. A plastome phylogenomics approach has been successfully applied to resolve many enigmatic relationships within angiosperms and across all green plants (Jansen et al., 2007; Moore et al., 2007 Moore et al., , 2010 Zhong et al., 2010; Xi et al., 2012; Barrett et al., 2014; Ruhfel et al., 2014) . Phylogenetic relationships among major clades and genera in Rosaceae have historically been a major phylogenetic challenge (Morgan et al., 1994; Potter et al., 2007) , exemplifying a pattern resulting from multiple rapid radiations and reticulation events (Campbell et al., 2007) . We use plastid phylogenomics here to better resolve phylogenetic relationships within Rosaceae.
Rosaceae are one of the most diverse angiosperm families with c. 90 genera and 3000 species with a global distribution. They are especially rich in the temperate and warmer regions of the Northern Hemisphere (Potter et al., 2007) . Rosaceous species have adapted to a wide variety of environments, ranging from mesic to xeric communities and tropical forest to tundra ecosystems. Many species of Rosaceae are also economically important, as edible fruits (apples, pears, apricots, plums, cherries, peaches, raspberries, loquats and strawberries), ornamentals (crab apples, roses, photinias, firethorns, rowans and hawthorns) and timbers (plums and pears). For this reason, in part, the entire nuclear genome has been sequenced for at least nine species (with others in progress) including apple (Velasco et al., 2010) , five strawberry *These authors contributed equally to this work. species (Shulaev et al., 2011; Hirakawa et al., 2014) , peach (Ahmad et al., 2011; International Peach Genome et al., 2013) , pear (Wu et al., 2013) and mei (Sun et al., 2013) .
As an ecologically and economically important group, Rosaceae have been a particular focus of many botanists, and a series of taxonomic and phylogenetic studies have been published (Potter et al., 2007) . Recent molecular phylogenetic studies have strongly supported the monophyly of Rosaceae and their sister relationships to a clade formed by the other eight families of the order Rosales Zhang et al., 2011; The Angiosperm Phylogeny Group, 2016) . Previous molecular phylogenetic studies based on a limited number of loci have greatly advanced our understanding of rosaceous relationships (Morgan et al., 1994; Evans et al., 2000; Potter et al., 2002 Potter et al., , 2007 Lo & Donoghue, 2012; Chin et al., 2014) . However, following the studies reviewed earlier, portions of the tree remained unresolved, with weakly supported and conflicting relationships. Relationships among the three subfamilies (Amygdaloideae, Dryadoideae and Rosoideae) remain contentious (Potter et al., 2007; Chin et al., 2014; Li et al., 2015) , and those among some tribes and genera are also controversial and not fully resolved (Potter et al., 2007; Lo & Donoghue, 2012; Chin et al., 2014) , especially those within subfamily Dryadoideae and subtribe Malinae (formerly Pyrinae or Maloideae).
Concomitantly, major classifications of Rosaceae based on morphology alone, or on both morphology and molecular data do not agree regarding the delimitation of subfamilies, supertribes, tribes, subtribes and even some genera (Hutchinson, 1964; Schulze-Menz, 1964; Takhtajan, 1997; Kalkman, 2004; Potter et al., 2007) . Homoplasy of morphological characters that have been the basis for classifications, frequent interspecific and even intergeneric hybridisation, apomixis and rapid radiation have all created difficulties in both classification and phylogenetic reconstruction of Rosaceae (Campbell et al., 2007; Potter et al., 2007; Lo & Donoghue, 2012) .
The large-scale evolutionary history of Rosaceae remains poorly understood, although previous dating analyses have provided some insights. Most previous studies estimated a stem age of Rosaceae between 90 and 80 Ma in the Late Cretaceous (Wikstrom et al., 2001; Magallon & Castillo, 2009; Wang et al., 2009; Bell et al., 2010; Hohmann et al., 2015; Tank et al., 2015) , but 106.1 or 106.5 Ma by Li et al. (2015) . What appears to be an unreasonably young age of only 40.8 or 31.9 Ma (Xue et al., 2012) and an age that is much too old of 367-170 Ma were also obtained (Jeong et al., 1999) . Only a few studies have examined the divergence times among the major clades and genera of the family (Lo & Donoghue, 2012; Chin et al., 2014) . The lack of a robust phylogenetic framework and time tree has hindered development of a full understanding of the diversification of Rosaceae.
A fully resolved, strongly supported, time-calibrated phylogenetic tree of Rosaceae will provide an important framework for studying classification, diversification, biogeography, phenotypic evolution, gene function and comparative genomics of this important family. Integrating 123 newly and nine previously sequenced plastomes representing all previously recognised major lineages of Rosaceae, this study applies multiple phylogenetic reconstruction methods in combination with appropriate models of sequence evolution to estimate phylogenetic relationships. The major objectives of this study are to: resolve the phylogenetic relationships among major clades and genera of Rosaceae; test the utility of plastome sequence data to resolve phylogenetic relationships of putatively rapidly radiating groups; and explore the temporal diversification patterns of Rosaceae with respect to palaeoenvironmental changes.
Materials and Methods

Taxon sampling
We sampled 132 species from 79 genera (Supporting Information Table S1 ) to represent all three recognised subfamilies and 16 tribes of Rosaceae, and 10 species to represent six of the other eight families of Rosales as outgroups. We included representatives of many genera that have been recently combined with other genera or for which circumscriptions are contentious. The voucher specimens were deposited in the herbarium of Kunming Institute of Botany, Chinese Academy of Sciences (KUN).
Plastome sequencing and data assembly
Total genomic DNA was extracted from 100 mg of fresh leaves using a modified CTAB (cetrimonium bromide) method of Yang et al. (2014) . For most species, the plastomes were amplified in overlapping fragments using the long-range PCR method of Yang et al. (2014) , and PCR fragments were pooled together in roughly equal concentrations for subsequent sequencing. The plastomes of Kerria japonica and two Filipendula species failed to be amplified using this method, so 0.5 lg of total genomic DNA was directly used for sequencing. The DNA samples were sheared into fragments of c. 500 bp and used to construct libraries according to the manufacturer's manual (Illumina, San Diego, CA, USA). Paired-end sequencing of 90 bp was conducted on an Illumina HiSeq 2000 at BGI-Shenzhen, and > 200 Mb (> 2 Gb for K. japonica and Filipendula spp.) of sequence data for each sample was obtained. We assembled and annotated the sequenced plastomes following Yang et al. (2014) ; the plastome of Rosa odorata var. gigantea (GenBank accession number KF753637) was used as the reference genome for assembly of all other accessions.
Sequence alignment
Including the 12 previously sequenced plastomes in GenBank, plastome sequences (using both coding and noncoding regions) from 142 species were aligned with MAFFT v.6.833 (Katoh et al., 2005) using the default settings. The plastomes of Rosaceae are conserved in gene order and content, so the alignment was straightforward; some poorly aligned regions were manually adjusted in GENEIOUS v.8.1 (Kearse et al., 2012) .
Phylogenetic analyses
We first analysed the whole plastome data set (the 'WP' data set) with standard Bayesian inference (BI) and maximum likelihood (ML) methods. The dataset was unpartitioned, and the best-fit model was determined by MODELTEST v.3.7 (Posada & Crandall, 1998) with the Akaike Information Criterion (AIC) (Posada & Buckley, 2004) . BI was performed with MRBAYES v.3.1.2 (Ronquist & Huelsenbeck, 2003) . Two independent Markov chain Monte Carlo (MCMC) chains were run, each with three heated and one cold chain for 30 million generations. Each chain started with a random tree, default priors and sampling trees every 100 generations, with the first 25% discarded as burn-in. Stationarity was considered to be reached when the average standard deviation of split frequencies was < 0.01. The ML analyses were performed with RAXML v.7.2.6 (Stamatakis, 2006) . The ML tree was inferred with the combined rapid bootstrap (100 replicates) and search for ML tree (the '-f a' option). The GTRGAMMA model was used in all analyses as suggested (RAXML manual).
Phylogenomics has in some cases been shown to be susceptible to systematic errors produced by poor alignment of the data matrix and improper models of sequence evolution (Jeffroy et al., 2006; Rodriguez-Ezpeleta et al., 2007; Philippe et al., 2011) . Several strategies have been applied to reduce potential effects of systematic errors in our analyses. First, we used only the exons of protein-coding genes (the 'PCG' data set). Second, we removed ambiguously aligned sites in the WP data set using GBLOCKS v.0.91b (Castresana, 2000; Talavera & Castresana, 2007) with the following parameters: minimum sequences per conserved position, 72; minimum sequences per flank position, 120; maximum number of contiguous nonconserved positions, 8; minimum block length, 10; allowed gap positions, none (the 'GBDN' data set). Third, we analysed the WP, PCG and GBDN data sets with two site-heterogeneous models, the CAT and CAT-GTR models (WPCAT, WPCAT-GTR, PCGCAT, PCGCAT-GTR, GBDNCAT and GBDNCAT-GTR for short, respectively) using PHYLOBAYES v.3.3f (Lartillot et al., 2009) . To reduce the computational burden, only one to two samples for each major clade were included in the analyses. We ran two independent tree searches and stopped them after the likelihood of the sampled trees had stabilised, indicating that the two runs had converged (maxdiff < 0.3).
Molecular dating
To alleviate the computational burden, the reduced GBDN data set keeping one sample for each genus was used for dating and diversification analyses. Penalised likelihood (PL) dating analyses were conducted using the TREEPL program (Smith & O'Meara, 2012) . This program allows for better optimisation with large trees by combining stochastic optimisation with hill-climbing gradient-based methods. The ML tree reconstructed with the GBDN data set (with branch length generated by RAXML) was used as the input tree. To identify the appropriate level of rate heterogeneity in the phylogram, a data-driven cross-validation analysis was conducted with TREEPL. One thousand bootstrap (BS) replicates with branch lengths were also generated using RAXML for calculating the confidence age intervals with TreeAnnotator as implemented in BEAST (Bouckaert et al., 2014) .
Turonian floral fossils dating to 90 Ma are the earliest fossils assignable to Rosaceae (Crepet & Nixon, 1996 , c. 97 Ma , c. 87.7 Ma (Hohmann et al., 2015) , c. 89.4 Ma (Tank et al., 2015) , and 106.5 or 106.1 Ma (Li et al., 2015) . Integrating both the fossil record and previous age estimates, we considered 90 and 106.5 Ma as the minimum-and maximum-age calibrations. Six fossil calibrations were also used as minimum-age calibrations (Table 1) ; the age of Oemleria janhartfordae was determined by radioactive isotopes, and the youngest ages of strata where other fossil species occurred were applied in this analysis.
Diversification rate analyses
The diversification rate change over time within Rosaceae was explored using several programs based on R applications with the reduced GBDN data set with all outgroups pruned. First, we calculated the semi-logarithmic lineage through time (LTT) plot by APE v.3.5 (Paradis et al., 2004) . To check the reliability of the LTT signal in our consensus chronogram, we generated plots for both the consensus chronogram as well as 1000 chronograms of TREEPL-inferred time-calibrated Rosaceae trees. To avoid et al. (2010) misinterpretation of the plots, we restricted our analyses to the accurately estimated part of the LTT plot, which is least influenced by the missing taxa. We determined the time point at which incomplete taxon sampling would begin to have a significant effect on the LTT plot following the methods of Couvreur et al. (2011) . A threshold is arbitrarily defined to include 85% of genus stem nodes, which is congruent with nodes older than 13.61 Ma being included in subsequent diversification analyses. Second, we used an ML method to assess homogeneity of diversification rates across lineages with LASER v.2.4-1 (Rabosky, 2006) . Two rate-constant (pure birth and birth-death model) and three rate-flexible diversification models (a logistic densitydependent speciation rate, an exponential density-dependent and a yule2rate model) were evaluated in our study.
Third, we used the TREEPAR package (Stadler, 2011) to assess speciation and extinction rates through time, and to specifically detect potential rapid and global changes in diversification rates that might be due to environmental factors. We employed the 'BD.SHIFTS.OPTIM' function that allows estimating discrete changes in speciation, extinction rates and mass extinction events in undersampled trees (Stadler, 2011) . At each time t, the rates are allowed to change, and the species may undergo a shift in diversification. TREEPAR analyses were run with the following settings: start = 0, end = crown age estimated by dating analyses, grid = 1 Ma, and posdiv = FALSE to allow the diversification rate to be negative (i.e. allowing for periods of declining diversity). We also estimated the 95% highest posterior density in magnitude and timing of rate shifts by using a wrapper for TREEPAR to include 1000 trees of TREEPL-inferred time-calibrated Rosaceae trees.
Results
Characteristics of plastomes and data sets
Complete plastome sequences of 121 rosaceous species and most coding and a small number of noncoding regions of two species of Filipendula were newly sequenced in this study; these sequences were deposited in GenBank (Table S1 ). These plastid genomes are similar to previously published rosaceous plastomes in size, structure and gene content (Jansen et al., 2011; Wang et al., 2013; Jin et al., 2014) .
The whole plastome (WP) data set has an aligned length of 185 590 bp, within which 45 675 parsimony-informative sites (PICs, 24.61%) are detected across Rosaceae (Table 2) . Removing ambiguous sites (GBDN) reduces this number to 61 429 total aligned nucleotides, yielding 11 173 PICs. The PCG data set has an aligned length of 71 563 nucleotides with 14 907 PICs. Comparing these data sets with WP, the percentages of PICs of PCG and GBDN were reduced (20.83 and 18.19%, respectively) .
Phylogenetic results
Altogether, we reconstructed 12 separate phylogenetic trees based on different methods of analysis, matrices and evolutionary models: Bayesian and ML analyses on WP, PCG and GBDN, and Bayesian analyses on WP, PCG and GBDN using CAT and CAT-GTR models (Figs 1, 2, S1, S2). Both Bayesian and ML analyses recovered almost identical trees from each data set. All analyses fully resolved phylogenetic relationships among the major clades and most genera, and most resolved relationships gave high internal support. Rosaceae were strongly supported as monophyletic. Taxonomic treatment of Rosaceae with three subfamilies and 16 tribes (as previously delimited) was compatible with our results, which were strongly supported. Most previously unresolved phylogenetic relationships among tribes were resolved. Although characterised by short internal branches, the phylogenetic relationships of Malinae were resolved into four clades (clades A, B, C and D), and many intergeneric relationships were clarified with strong support.
Different analyses produced largely congruent topologies (Figs 3, S2). However, two nodes exhibit incongruence: WP weakly supported a relationship of Rosoideae (Dryadoideae + Amygdaloideae), and other analyses strongly supported Amygdaloideae (Dryadoideae + Rosoideae); PCG and GBDN (including PCG (((((((Maleae, Gillenieae) , Spiraeeae), Sorbarieae), Amygdaleae), (Kerrieae, Exochordeae)), Neillieae), Lyonothamneae), ((((((Potentilleae, Roseae) , Agrimonieae), Rubeae), Colurieae), Ulmarieae), Dryadeae))
For each data set, only ingroups are included. WP, the whole plastome data set; PCG, the data set only including the exons of protein-coding genes; GBDN, the data set of whole plastomes with most ambiguous sites being removed. and GBDN with two site-heterogeneous models) strongly supported tribe Amygdaleae as sister to a clade formed by tribes Sorbarieae, Spiraeeae, Maleae and Gillenieae, whereas WP (both site-homogeneous and site-heterogeneous models) supported a sister relationship of Amygdaleae and Sorbarieae with high support (Figs 3, S2) . Fig. 2 The maximum likelihood (ML) tree of Rosaceae inferred from the GBDN (whole plastomes with most ambiguous sites being removed) data set. Numbers at nodes correspond to ML bootstrap percentages (100 replicates, only values <100% are shown) and Bayesian inference (BI) posterior probabilities (only probabilities <1.0 are shown). A dash ('-') indicates that this relationship was not supported in the analysis. A-D indicate the four clades in Malinae.
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The historical diversification of Rosaceae
The stem age of Rosaceae (Fig. S3) Table 3 , and ages are plotted as a chronogram in Fig. S3 .
The LASER results rejected a null hypothesis of temporally homogeneous diversification rates and supported a rate-variable model of diversification, with the diversification rate-constancy statistic DAIC RC = 28.47. The logarithmic density-dependent speciation rate model of diversification was statistically supported as the best fitting model for our data. Analysis of the LTT plots generated similar results as the LASER analysis and supported increases in the diversification rate of Rosaceae during the Late Cretaceous and early Oligocene onwards (Fig. 4) . TREEPAR analyses also supported a diversification model with varying rates (AIC for two shifts, 693.00). A rapid initial diversification in the Late Cretaceous was followed by a decrease in diversification rate. The second rate shift occurred in the early Oligocene with a sharp increase in diversification rate.
Discussion
Reducing systematic error to improve robustness of plastid phylogenomics of Rosaceae Systematic error could increase following the increase of characters used in phylogenomic studies, and a strongly supported but incorrect tree will be obtained when erroneous signal dominates the true phylogenetic signal (Delsuc et al., 2005; Jeffroy et al., 2006; Rodriguez-Ezpeleta et al., 2007; Philippe et al., 2011) . Inaccurate alignment caused by rapidly evolving sites and improper models of sequence evolution have also been considered as major sources of systematic error in plastid phylogenomics (Jeffroy et al., 2006; Rodriguez-Ezpeleta et al., 2007; Philippe et al., 2011) .
Phylogenetics is thought to be greatly dependent on accurate sequence alignment (Morrison & Ellis, 1997; Ogden & Rosenberg, 2006; Hohl & Ragan, 2007) . Choosing reliable sequences and removal of problematic regions were suggested to be effective methods for reducing alignment artefacts and improving the robustness of phylogenomic reconstructions (Burleigh & Mathews, 2004; Goremykin et al., 2010; Zhong et al., 2011; Parks et al., 2012; Som, 2015) . All our analyses (Figs 1-3 , S1, S2) produced largely identical deep relationships except for those among three subfamilies and the position of Amygdaleae. Amygdaloideae (Dryadoideae + Rosoideae), a relationship supported by previous molecular studies and some nonmolecular data (see later), was obtained with strong support with PCG (the data set only the exons of protein-coding genes) and GBDN (the data set of whole plastomes with most ambiguous sites removed). GBDN and PCG also strongly supported Amygdaleae as sister to a clade formed by tribes Sorbarieae, Spiraeeae, Maleae and Gillenieae, whereas WP (whole plastome) resolved a sister relationship between Amygdaleae and Sorbarieae (Figs 3, S2) . Rapidly evolving and potentially poorly aligned sites in the WP data set could have a significant impact on reconstruction of phylogenetic relationships of these nodes. GBDN and PCG would be expected to produce a robust phylogenetic position of Amygdaleae. The data set including only noncoding regions poorly resolved many relationships (data not shown), and its poorly aligned regions could affect accurate phylogenetic reconstruction.
Previous studies indicated that use of the CAT model could deal with site heterogeneity (Lartillot & Philippe, 2004) and improve the robustness of phylogenetic reconstruction (Campbell et al., 2011; Philippe et al., 2011) . Analyses of the PCG and GBDN data sets with site-heterogeneous models and sitehomogeneous models produced identical relationships among three subfamilies and the phylogenetic position of Amygdaleae.
Analysis of the WP data set applying a complex siteheterogeneous model also resolved Amygdaloideae (Dryadoideae + Rosoideae) as did those for the PCG and GBDN data sets (Fig. S2) . Our results again highlight the importance of goodness of fit between substitution model and data in plastid phylogenomics, and a site-heterogeneous mixed model could alleviate effects of systematic errors from base compositional heterogeneity to lineage-specific changes.
Taking all our analysed results into consideration, GBDN and PCG would be expected to resolve most robustly the phylogenetic relationships of Rosaceae. Both GBDN and PCG produced identical topologies, but the former has much higher support at many nodes than the latter with just coding regions. We have therefore used the GBDN tree as the basis for our discussions of 
Fully resolved deep-level relationships of Rosaceae
Our phylogenomic analyses fully resolved relationships among major clades and genera of Rosaceae, a difficult group hypothesised to have both ancient and recent radiations, hybridisation and apomixis (Campbell et al., 2007; Lo & Donoghue, 2012; Chin et al., 2014) . Congruent with previous studies (Potter et al., 2007) , Rosaceae were resolved into three clades corresponding to three subfamilies: Amygdaloideae, Dryadoideae and Rosoideae. Phylogenetic relationships among the three subfamilies have been addressed in some previous studies, and conflicting results have been produced: Rosoideae sister to a Amygdaloideae plus Dryadoideae clade by Potter et al. (2007) vs Amygdaloideae sister to a Dryadoideae plus Rosoideae clade by Chin et al. (2014) and Li et al. (2015) , which our results strongly support. Dryadoideae and Rosoideae share some non-molecular features, such as presence of stipules, separation of hypanthium from the ovary and usually achenes as fruits. However, Amygdaloideae and Dryadoideae also share nonmolecular features, such as presence of cyanogenic glycosides and sorbitol, which our results support as plesiomorphic in this clade with a secondary loss in Rosoideae.
The previously recognised supertribes (Kerriodae, Pyrodae and Rosodae), tribes (Agrimonieae, Amygdaleae, Colurieae, Dryadeae, Kerrieae, Maleae, Neillieae, Exochordeae, Potentilleae, Roseae, Rubeae, Sorbarieae, Spiraeeae, Ulmarieae) and subtribes (Agrimoniinae, Fragariinae, Malinae, Sanguisorbinae) were all strongly supported. Our phylogenomic analyses also fully resolved their interrelationships with strong support. Relationships among some tribes of Amygdaloideae have been unresolved or only weakly supported in previous studies (Potter et al., 2007) . For instance, Amygdaleae and Neillieae were weakly supported as sisters in previous studies (Potter et al., 2007) , whereas our results strongly supported Neillieae as sister to all other members of Amygdaloideae except Lyonothamneae, and Amygdaleae was sister to supertribe Pyrodae plus tribes Spiraeeae and Sorbarieae. Deep relationships of Rosoideae were inconclusive in previous molecular studies, and Rubeae and Colurieae were weakly supported as successively sister to the remaining members of the supertribe Rosodae (Potter et al., 2007) . Our results supported Colurieae and then Rubeae as successively sister to supertribe Rosodae instead of vice versa, both with 100% support.
Our analyses also fully resolved some previously unresolved intergeneric relationships and added additional evidence supporting some of the recently altered generic circumscriptions based on analyses with much more appropriate representation at the species level. Malinae are a typically difficult group for classification and phylogenetic reconstruction due to frequent hybridisation and low levels of sequence divergence, the latter perhaps due to rapid divergence (Lo & Donoghue, 2012) . Multiple previous molecular phylogenetic studies failed to resolve relationships among their major clades and genera (Morgan et al., 1994; Evans et al., 2000; Evans & Campbell, 2002; Campbell et al., 2007; Potter et al., 2007; Lo & Donoghue, 2012) . The plastid data of Lo & Donoghue (2012) resolved Malinae into five clades, whereas their nuclear data resolved many more, the plastid and nuclear trees exhibiting significant incongruence, and relationships among these clades were not resolved by either of the two data sets. Campbell et al. (2007) reconstructed the phylogenetic relationships among Malinae with five nuclear regions, but only their GBSSI-2A data set resolved Malinae into three clades with strong support. The GBSSI-2A data set also revealed that species of Amelanchier, Malus, Osteomeles and Pyracantha contain multiple copies that are nested within different clades (Campbell et al., 2007) .
Our phylogenomic analyses resolved subtribe Malinae into four clades (A, B, C and D), which are largely congruent with the plastid results of Lo & Donoghue (2012) except unresolved Osteomeles is sister to the rest of clade B (Figs 1,  2, S1 ). Relationships among these four clades and most genera typically had high support. However, our results showed significant incongruence with previous studies based on nuclear markers (Campbell et al., 2007; Lo & Donoghue, 2012) . Hybridisation is likely to have played a major role in the diversification of genera of Malinae, and this may in part explain the phylogenetic incongruence. Of course, our results based solely on plastid DNA cannot be used to assess effects of hybridisation, so there are important issues to be resolved via future comparison of nuclear and plastid trees. The previously unresolved intergeneric relationships of Dryadoideae and Colurieae were also fully resolved with high support.
Our results also supported some recently clarified circumscriptions of controversial genera, although our taxonomic sampling is insufficient to be alone considered definitive. The generic circumscription of Potentilla has frequently been altered, and many genera have been segregated from or merged with Potentilla (Potter et al., 2007; Dobes & Paule, 2010) . Our results strongly supported the recently published merger of the genera Duchesnea, Horkelia and Horkeliella with Potentilla, and P. fruticosa and P. parvifolia should be included in genus Dasiphora. Recent molecular result indicated Sibbaldia was a remarkably polyphyletic genus, which was split into five clades (Eriksson et al., 2015) . The two Sibbaldia species sampled here (S. micropetala and S. purpurea) were supported as members of Potentilla. Bencomia, Dendriopoterium, Marcetella and Sarcopoterium are closely related, and our results are consistent with their proposed merger with Poterium. Consistent with other studies, a broader circumscription of Prunus (including Amygdalus, Armeniaca, Cerasus, Laurocerasus and Padus) was strongly supported, which was further divided into 'racemose' and 'corymbose + solitary' clades (Chin et al., 2014) . Pourthiaea was supported to be a separate genus relative to Photinia. Sorbus should be divided into several genera; Cormus, Micromeles and Sorbus s.s. were each supported as separate clades. Stephanandra should be merged with Neillia. More samples of controversial genera and their closely related relatives should be included in future phylogenomic analysis to thoroughly clarify circumscriptions of all rosaceous genera.
Dating of the origin and historical diversification of Rosaceae
Previous dating analyses have provided controversial stem ages for this family (Jeong et al., 1999; Wikstrom et al., 2001; Magallon & Castillo, 2009; Wang et al., 2009; Bell et al., 2010; Xue et al., 2012; Chin et al., 2014; Hohmann et al., 2015; Li et al., 2015; Tank et al., 2015 (Zachos et al., 2001) . The intergeneric divergence times were estimated to be from the Late Cretaceous to Pliocene.
The LTT plots and TREEPAR analyses indicated higher diversification rates of lineages during several different geological ages. Higher rates occurred during the Late Cretaceous, which is congruent with rapid expansion of major lineages of Rosaceae. The fossil record demonstrates a major diversification of Rosaceae during the Eocene (DeVore & Pigg, 2007) . Early expansion of Rosaceae is accompanied by formation of extensive boreotropical floras in the northern mid-latitudes during a warm phase peaking in the Late Palaeocene to Early Eocene thermal maximum (Wolfe, 1975; Zachos et al., 2001) . Rapid diversification of rosaceous lineages from the early Oligocene onwards corresponds to habitat transitions of rosaceous taxa and their adaptation to a wide variety of environments.
During the Cenozoic, the uplift of mountain ranges was associated with falling global temperatures in the middle-and highlatitude landmasses from warm subtropical and temperate climates in the Eocene to colder, drier, and more strongly seasonal climates from the Oligocene onwards (Molnar & England, 1990; Zachos et al., 2001; Dupont-Nivet et al., 2007; Eldrett et al., 2009 ). Significant expansion of vegetation adapted to drier and colder climates occurred in large parts of Eurasia and North America (Collinson, 1992; Wolfe, 1992) . Extreme climatic and geological shifts during the late Cenozoic may have promoted rapid generic diversification of Rosaceae, a family that contains many genera adapted to montane, dry or temperate biomes. The fossil record indicates that rosaceous taxa have adapted to many different habitats and increasingly became prominent members of the cooler temperate floras of the Neogene (DeVore & Pigg, 2007) .
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